Abstract Pulmonary arterial hypertension (PAH) and hepatopulmonary syndrome (HPS) are rare pulmonary vascular complications of type 1 Gaucher disease (GD1). We examined GBA1 genotype, spleen status, Severity Score Index (SSI), and other patient characteristics as determinants of GD/PAH-HPS phenotype. We also examined the long-term outcomes of imiglucerase enzyme replacement therapy (ERT) +/− adjuvant therapies in 14 consecutive patients. We hypothesized a role of BMPR2 and ALK1 as genetic modifiers underlying GD/PAH-HPS phenotype. Median age at diagnosis of GD1 was 5 yrs (2-22); PAH was diagnosed at median 36 yrs (22-63). There was a preponderance of females (ratio 5:2). ERT was commenced at median 36.5 yrs (16-53) and adjuvant therapy at 36 yrs (24-57). GBA1 genotype was N370S homozygous in two patients, N370S heteroallelic in 12. Median SSI was 15 (7-20). All patients had undergone splenectomy at median age 12 yrs (2-30). In three patients, HPS was the initial presentation, and PAH developed after its resolution; in these three, HPS responded dramatically to ERT. In seven patients, sequencing of the coding regions of BMPR2 and ALK1 was undertaken: 3/7 were heterozygous for BMPR2 polymorphisms; none harbored ALK1 variants. With ERT (± adjuvant therapy), 5/14 improved dramatically, five remained stable, two worsened, and two died prematurely. In this largest series of GD/PAH-HPS patients, there is preponderance of females and N370S heteroallelic GBA1 genotype. Splenectomy appears essential to development of this phenotype. In some patients, HPS
precedes PAH. BMPR2 and ALK1 appear not be modifier genes for this rare phenotype of GD. ERT +/− adjuvant therapy improves prognosis of this devastating GD phenotype.
Introduction
Inherited deficiency of acid β-glucosidase in Gaucher disease (GD) leads to a complex multisystemic phenotype that is attributed to widespread accumulation of glycolipid-engorged macrophages (Grabowski et al. 2006 ). Phenotypic expression is highly heterogenous and mutations in GBA1 gene that encodes acid β-glucosidase does not explain this extreme variability (Mistry et al. 2010a; Grabowski 2008) . A number of manifestations of GD cannot be directly attributed to lysosomal accumulation of glycolipids, such as predilection to gallstones (Taddei et al. 2009 ), cancers (Taddei et al. 2009 ), pulmonary hypertension (Mistry et al. 2002; Elstein et al. 1998 ) and hepatopulmonary syndrome (Dawson et al. 1996) . The latter two pulmonary vascular manifestations affect only a minority of patients but they result in lifethreatening disease. In fact in the pre-enzyme replacement therapy with alglucerase/imiglucerase (ERT) era, these uncommon complications of GD were recognized to be a cause of premature deaths (Lee and Yousem 1988) . The clinical spectrum, determinants of GD phenotype that exhibit symptomatic pulmonary vascular disease, and long-term outcomes of response to therapy are not known.
Pulmonary arterial hypertension (PAH) and hepatopulmonary syndrome (HPS) are associated with a number of other diseases and etiologies that result in significant morbidity and mortality. Primary PAH is due to mutations in BMPR2 gene. In another monogenic disease, hereditary hemorrhagic telangiectasia mutations in ALK1 gene lead to a broader phenotypic expression of pulmonary vascular disease ranging from predominantly PAH to predominantly intrapulmonary vascular dilatations. The penetrance of mutations in these two genes is low, and mutations lead to highly variable phenotypic expression of pulmonary vascular disease (Newman et al. 2008; Austin and Loyd 2007; Morse 2002) . In GD, we reported that pathological lesions of PAH (plexogenic arteriopathy) and intrapulmonary shunting (intrapulmonary vascular dilatations) may occur simultaneously in the same patient, suggesting that a common pathophysiologic mechanism may underlie the extreme of the spectrum of pulmonary vascular disease (Mistry et al. 2002) . Three distinct patterns of lung involvement in GD are recognized: (1) alveolar consolidation by Gaucher cells filling alveolar spaces, which usually occurs in types 2 and 3 GD, (2) interstitial infiltrates of Gaucher cells with associated fibrosis, which usually occurs in type 3 GD, and (3) PAH which usually occurs in type 1 GD (Lee and Yousem 1988) . In addition, HPS has been described in GD patients with advanced liver involvement (Lachmann et al. 2000) . We and others have reported a relatively high prevalence of mild PAH in GD1 by Doppler echocardiography (Elstein et al. 1998 ) that improves with ERT (Mistry et al. 2002) . In addition, we found that severe, potentially lifethreatening PAH occurred in ∼1% of GD patients (compared to one in one million of the general population).
Herein, we report 14 consecutive patients evaluated at our center with GD/PAH-HPS phenotype, representing the largest case series ever described (Table 1) . We examined GBA1 genotype, spleen status, GD Severity Score Index (SSI) and other clinical characteristics of patients as determinants of GD/PAH-HPS phenotype as well as longterm outcomes of enzyme replacement therapy (ERT) +/− adjuvant therapies. We examined the potential role of two candidate genes, BMPR2 and ALK1, as genetic modifiers that result in pulmonary vascular disease in GD1.
Materials and methods
We performed full phenotypic/genotypic characterization and assessed long-term outcomes of treatment in 14 consecutive patients with GD1 and severe PAH with or without HPS. These patients were drawn from a population of patients who presented to a tertiary GD referral clinic. The patients had confirmed diagnosis of GD by demonstration of low leukocyte acid β-glucosidase activity (<10% of normal), supplemented by GBA1 genotyping. All patients were clinically deemed to have type 1 GD; indeed all harbored at least one N370S mutant GBA1 allele. Patients with clinical symptoms of PAH or HPS were further evaluated. Patients were diagnosed with severe PAH defined by symptoms and initial Doppler echocardiographic estimate of pulmonary artery pressure >50 mmHg and right heart catheterization demonstrating all of the following: mean pulmonary pressure >25 mm Hg, pulmonary vascular resistance >120 dynes-sec-cm 5 , and pulmonary capillary wedge pressure <15 mm Hg. Patients were excluded if they had any of the following: presence of severe cardiac disease not related to GD, presence of severe COPD, presence of an Please see SI for PCR conditions and primer sequences active infectious disease, history of anorexin use, or history of alcoholism or drug abuse. Diagnosis of HPS was based on classical clinical criteria of hypoxemia on room air, digital clubbing, signs of advanced hepatic disease (massive hepatomegaly, impaired tests of liver function), and radionuclide scan evidence of intrapulmonary shunting.
PCR amplification of BMPR2 and ALK1 coding regions In seven of the 14 patients, we examined BMPR2 and ALK1 genes as candidate modifier genes for GD/PAH-HPS phenotype. Coding regions together with consensus splice sequences of BMPR2 and ALK1 gene were amplified by PCR for DNA sequencing. Genomic DNA was extracted from peripheral blood of GD patients using the Puregene genomic DNA purification kit (Gentra Systems, Inc, Big Lake, MN) according to manufacturer's protocol. DNA concentration and quality were determined on a Nanodrop 2000c spectrophotometer (Thermo Scientific) at 260 nm and 280 nm and 100-400 ng was used as primary PCR template. Normal genomic DNA was also collected as control.
All primers were synthesized at the scale of 40 nm and were used to amplify respective exon(s) of various lengths. GBA1 sequencing was performed as described previously (Tayebi et al. 1996) .
Results
Patient characteristics are summarized in Table 2 . There was a preponderance of females (10:4), non-Jewish patients (10:4) and N370S heteroallelic mutations compared to N370S homozygous (12:2, i.e., four N370S/L444P and two each of N370S/84GG and N370S/R257Q). The median age at diagnosis of PAH was 36, with a range of 22 to 63. Eleven patients had PAH as the sole overt pulmonary vascular abnormality, whereas three had both PAH and HPS. In the latter three patients, initial presentation was florid HPS and massive hepatomegaly that responded dramatically to ERT, unmasking PAH. Prior to diagnosis of PAH/HPS, all 14 patients had undergone splenectomy; the median age at splenectomy was 12 (range 2-30).
GD Severity Score Index (SSI), calculated at the time of PAH-HPS diagnosis, varied widely, with median value of 15, ranging from 7 to 20. SSI assigns four points for presence of pulmonary disease (Zimran et al. 1992 ). Therefore as depicted in Fig. 1 , 3/14 patients had exceptionally low GD severity (SSI 7, 8, and 8) despite the presence of life-threatening pulmonary vascular disease. In contrast, the three patients who first presented with HPS and later exhibited PAH, had consistently high SSI. These patients with HPS had SSI's of 17, 20, and 20, respectively. Therefore, there is a dichotomy in the relationship of SSI to pulmonary vascular disease, with patients presenting with pure PAH having low to high SSI, while those with HPS/ PAH exhibit consistently high SSI.
The median age at initiation of ERT was 36.5 (range 16-53). The median age at initiation of adjuvant therapy was 36 (range 24-57). Figure 2 depicts the natural history of PAH in this series of patients. Of the seven patients tested for BMPR2 or ALK1 mutations, three were heterozygous for SNPs in BMPR2 gene (two synonymous and one nonsynonymous) but there were no variants in ALK1.
Discussion
We report phenotypic associations and long-term outcomes of GD/PAH phenotype in 14 consecutively evaluated patients with this rare complication. Given our previous findings that the pathological lesions of PAH (plexogenic arteriopathy) and intrapulmonary shunting (intrapulmonary vascular dilatations) may occur simultaneously in GD patients, we hypothesized that common pathophysiologic mechanisms may underlie the extreme ends of the clinical spectrum of pulmonary vascular disorders (Mistry et al. 2002) . Therefore, we examined ALK1 gene as a modifier of phenotype since mutations in this gene lead to pulmonary vascular disease of similar clinical spectrum; in addition we examined BMPR2 gene, which when mutated leads to primary PAH. In a minority of patients, the GD/PAH phenotype was associated with polymorphisms in BMPR2 gene (Table 1) . However, no patient harbored polymorphisms or mutations in ALK1 gene (Table 1) . Nevertheless, we found that severe PAH/HPS was not consistently related to GD severity, underscoring the likely significant role of hitherto unidentified genetic and other modifiers in the development of this highly specific phenotype. In our study we ruled out ALK1 and BMPR2 as candidate modifier genes. Identification of potential genetic modifiers underlying GD/ pulmonary vascular disease phenotype might best be pursued using newer genomic approaches in carefully selected patients (Choi et al. 2009 ).
Pathophysiologic effects of GD in cell types other than macrophages have been attributed to increased extralysosomal accumulation of glucosylceramide and the effects of the minor water-soluble substrate glucosylsphingosine (Mistry et al. 2010b; Elleder 2006; Hůlková et al. 2010) . Such mechanisms operating in endothelial cells in predisposed individuals may underlie the development of unusual GD phenotypes that exhibit pulmonary vascular disorders.
Another contributor to plexogenic arteriopathy in GD/PAH phenotype may be the tendency to cellular proliferation evidenced by high cancer risk in GD (Taddei et al. 2009; Lo et al. 2010) . Interestingly, evidence for monoclonal prolifer-ation of smooth muscle cells in plexiform lesions (Lee et al. 1998; Loyd et al. 1988 ) has led to speculation of a model of end-stage PAH similar to that of progression to cancer, with dysregulation of the cell-cycle and apoptosis as predominant features (Humbert et al. 2004; Yeager et al. 2001) . Indeed, aberrant gene expression in cell cycle and apoptosis pathways has been described in a mouse model of GD1 (Mistry et al. 2010b ).
As in other forms of PAH, in GD, it is likely that other genetic or environmental modifiers mediate the clinical expression of disease. Several possible mechanisms for PAH in GD1 have been suggested. Recently it has been proposed that megakaryocytes in the lungs due to extramedullary hematopoesis (EMH) might mediate PAH (Thachil 2009 ). Indeed megakaryocytes and EMH in the lungs has been reported in GD previously (Theise and Ursell 1990) . We recently reported EMH in the liver and the spleen of a mouse model of GD1 (Mistry et al. 2010b ). Other potential contributors to this phenotype include: coincidental unrelated disorders (e.g., micropulmonary emboli or idiopathic PAH concurrent with GD) and PAH as an intrinsic complication of GD. Capillary plugging by Gaucher cells was described by Ross et al., who recovered Gaucher cells from a sample of pulmonary capillary blood aspirated from a PA catheter (Ross et al. 1997) . In another report, the pathologic findings were of plexogenic arteriopathy, similar to other forms of PAH (Theise and Ursell 1990) .
Our patients were treated with ERT, adjuvant therapy (prostacyclin, bosentan and/or sildenafil) or a combination of both, and the majority exhibited improvement in their PAH by clinical as well as hemodynamic parameters. All 14 patients in our series were treated with imiglucerase ERT: we found that about one-third improved dramatically, one-third remained stable with long-term survival, and the remainder worsened or died prematurely. Numerous deaths in the latter group were not directly attributable to PAH but rather to intercurrent infections and overwhelming sepsis in the setting of asplenia. Therefore, the overall outcomes are clearly much better compared to non-GD patients with PAH/HPS treated with vasodilator therapies. In three of our 14 patients (∼20%), the pattern of clinical diseases was initial development of HPS, which necessitated ERT, and subsequent unmasking of PAH as HPS reversed. In two of the three HPS patients, PAH ultimately resolved without requiring the initiation of adjuvant therapies, and in the third patient, it improved minimally with ERT alone. The dramatic reversal of HPS by imiglucerase ERT is unprecedented, since there are no effective medical therapies for the hepatopulmonary syndrome complicating end-stage liver disease, and liver transplantation is the only successful life-saving procedure (Rodriguez-Roisin and Krowka 1994) .
It should be kept in mind that PAH was a recognized cause of premature death in GD long before the advent of ERT (Theise and Ursell 1990; Roberts and Fredrickson 1967; Smith et al. 1978) . Improved therapeutic outcomes in our experience may be related to higher doses of imiglucerase ERT. The lung represents a sequestered site not readily accessible to ERT due to high uptake in the liver (Mistry et al. 1996) , and therefore, a higher dose regimen may permit an adequate enzyme delivery to the lung parenchyma.
In our study, we found that severe PAH is not consistently related to GD severity, except in patients who initially presented with HPS. This is counterintuitive since lifethreatening PAH would be expected to be associated with overall severe GD of commensurate degree. We found that several patients with severe PAH had low SSIs (3/14 patients had SSI ≤8), indicating that overall GD severity was mild. This finding further suggests a role for a significant effect of a genetic modifier that predisposes a minority of asplenic GD patients to life-threatening PAH.
Additionally, we observed that several (2/14 patients) of our GD1 patients with severe PAH had a normal baseline echo but their severe PAH was unmasked after exercise. Recently, genetic heterogeneity in primary PAH was revealed though stress Doppler echocardiography leading to identification of a specific sub-group of patients in whom severe PAH is only unmasked on exercise (Möller et al. 2010) . Specific genetic basis of this type of PAH has not yet been identified; when this defect is revealed, it would be interesting to examine its occurrence in patients with GD1/ PAH phenotype.
In keeping with the general literature on PAH, we found a significant preponderance of females amongst our GD1 patients with PAH (5:2). The basis of this sex predilection is not known. The fact that more women are affected may be caused by the loss of male fetuses from an unrecognized defect in embryologic development (Austin and Loyd 2007) . In fact, an abnormal gender ratio among the offspring of obligate BMPR2 gene mutation carriers has been described (Loyd et al. 1998) . The increased ratio of female live births suggests a difference in fertilization, or a possible selective demise of male fetuses (Loyd et al. 1998; Morse 2002 ).
Conclusions
Our study on PAH in GD1 highlights the importance of defining specific phenotypes within the vast clinical spectrum of type 1 GD. We further confirmed the invariable association of GD/PAH-HPS phenotype with asplenia. Our findings support the recommendation that splenectomy be avoided particularly in high-risk patients with GD1. Fortunately, the striking reduction of splenectomy rates because of the success of ERT (Cox et al. 2008 ) is likely to translate into elimination of the GD1/severe PAH phenotype in the new generation of patients. Additionally, we found compelling evidence that severe PAH is not consistently related to GD1 severity, specifically that mild GD1 patients may have life-threatening PAH. Conversely, we found that HPS patients who progressed to PAH demonstrated high SSIs as a rule. Our studies suggest that genetic modifiers not linked to the GBA1 locus may result in this severe phenotype. Although we were unable to implicate BMPR2 and ALK1 genes as modifier genes in our series, this question is worthy of further study using newer unbiased whole genomic approaches. Moreover, the favorable therapeutic outcomes of our patients support aggressive treatment with ERT+/− adjuvant therapy with sildenafil, bosentan, and anticoagulation in GD1 patients with PAH.
